Phagocytosis is the process whereby cells direct the spatially localized, receptor-driven engulfment of particulate materials. It proceeds via remodeling of the actin cytoskeleton and shares many of the core cytoskeletal components involved in adhesion and migration. Small GTPases of the Rho family have been widely implicated in coordinating actin dynamics in response to extracellular signals and during diverse cellular processes, including phagocytosis, yet the mechanisms controlling their recruitment and activation are not known. We show herein that in response to ligation of Fc receptors for IgG (Fc␥R), the guanine nucleotide exchange factor Vav translocates to nascent phagosomes and catalyzes GTP loading on Rac, but not Cdc42. The Vav-induced Rac activation proceeds independently of Cdc42 function, suggesting distinct roles for each GTPase during engulfment. Moreover, inhibition of Vav exchange activity or of Cdc42 activity does not prevent Rac recruitment to sites of particle attachment. We conclude that Rac is recruited to Fc␥ membrane receptors in its inactive, GDP-bound state and that Vav regulates phagocytosis through subsequent catalysis of GDP/GTP exchange on Rac.
INTRODUCTION
Phagocytosis is an evolutionarily conserved process whereby cells coordinate the receptor driven recognition and engulfment of targets (Kwiatkowska and Sobota, 1999) . It plays a central role in diverse physiological functions ranging from feeding in Dictyostelium to complex immune defense and apoptotic cell clearance mechanisms in higher eukaryotes (Aderem and Underhill, 1999) . The vast repertoire of phagocytic receptors identified to date all direct engulfment via the remodeling of the actin cytoskeleton, thus strongly implicating the Rho family of small GTPases as key signaling components (Chimini and Chavrier, 2000; May and Machesky, 2001 ). The two best-characterized phagocytic receptors, the Fc receptor for IgG (Fc␥R) and the complement receptor 3 (CR3), are known to use distinct Rho GTPases to drive particle uptake. Phagocytosis through Fc␥R requires Cdc42 and Rac function, whereas CR3-mediated uptake requires only Rho activity (Cox et al., 1997; Caron and Hall, 1998; Massol et al., 1998) . Rho GTPases also play a central role during infection by various bacterial pathogens and in the removal of apoptotic cell corpses, both in Caenorhabditis elegans (where the Rac1 ortholog Ced10 is required) and in mammalian cells (Ernst, 2000; Reddien and Horvitz, 2000; Leverrier and Ridley, 2001) .
The recruitment and function of Rho GTPases specifically at the site of particle attachment is central to receptor-mediated phagocytosis. Castellano et al. (1999) showed that artificial clustering of active Cdc42 or its effector WASP beneath membrane-bound beads triggered actin polymerization and membrane protrusion around the particle. In the same system, localized recruitment of active Rac also led to actin polymerization and was sufficient to induce phagocytosis (Castellano et al., 2000) . Finally, uptake through either the Fc␥R or the CR3 receptor is accompanied by enrichment of distinct Rho GTPases at nascent phagosomes (Caron and Hall, 1998) . However, despite the overwhelming evidence detailing Rho GTPase involvement in phagocytosis, the mechanisms linking phagocytic receptors to recruitment and control of Rho GTPase function remain unclear.
Rho GTPases function as molecular switches, cycling between a GDP-bound inactive state and a GTP-bound active form. The cycle is controlled by two families of accessory proteins, guanine nucleotide exchange factors (GEFs), which catalyze GTP loading in response to upstream signals, and GTPase-activating proteins (GAPs), which promote inactivation. More than 50 RhoGEFs and 60 RhoGAPs have been identified so far in the human genome (Schultz et al., 1998) , but how they participate in receptor signaling to specific GTPases is unknown. In C. elegans, genetic analysis of phagocytosis has identified two additional components in-volved in the upstream regulation of Rac, Ced2, and Ced5, orthologs of the mammalian adaptor proteins CrkII and DOCK180, respectively (Nolan et al., 1998; Wu and Horvitz, 1998; Reddien and Horvitz, 2000) . However, neither display exchange activity for Rho GTPases in vitro and to date no GEF has been isolated using the genetic screens for Ced genes. A further complication is that Rho, Rac, and to a lesser extent Cdc42 are maintained in a cytosolic form in their resting, inactive state through interaction with Rho guanine nucleotide dissociation inhibitors (RhoGDI) (Isomura et al., 1991) . Because of its spatially localized signaling, phagocytosis offers an ideal biological assay to delineate pathways linking surface receptors (such as immune receptors, growth factor receptors, and integrins) to actin remodeling via Rho GTPases and aids understanding of more complex cytoskeletal processes such as adhesion and migration.
The guanine nucleotide exchange factor Vav was first identified in hematopoietic cells and encodes a multidomain protein comprising an amino terminal calponin homology domain, an acidic region, adjacent Dbl homology (DH), and pleckstrin homology (PH) domains common to almost all Rho GEFs, a zinc finger motif, a proline-rich region, and a carboxy terminal SH3-SH2-SH3 module (Bustelo, 2000) . Biochemical and structural data suggest that its GEF activity can be modulated by tyrosine phosphorylation and by phosphatidylinositol lipids (Crespo et al., 1997; Han et al., 1998) and that these two signals act synergistically to relieve the autoinhibitory amino terminus from sterically hindering the catalytic DH domain (Aghazadeh et al., 2000; Das et al., 2000) . In vitro exchange assays and overexpression studies have shown that Vav can potentially activate Rho, Rac, and Cdc42 (Olson et al., 1996) . It has been shown to be a critical regulator of T-cell receptor (TCR) signaling, involved in both the actin-driven clustering of TCRs and the positive selection of class I-and class II-restricted T cells, in response to antigen stimulation Holsinger et al., 1998) . Together, these data make Vav a good candidate for regulating phagocytosis and indeed it is reported to be one of several tyrosine phosphorylated proteins following Fc␥R cross-linking (Darby et al., 1994) .
Herein, we show that Vav is essential for Fc␥R-, but not CR3-mediated phagocytosis in macrophages and COS cells. Vav is recruited to nascent Fc␥R phagosomes, along with filamentous actin, and is required for activation of Rac but not Cdc42. Moreover, this Vav-induced Rac activation occurs independently of Cdc42 function, suggesting that each GTPase mediates distinct stages of the phagocytosis process. Finally, Rac recruitment to nascent phagosomes occurs in the absence of Vav exchange activity, suggesting that the GTPase is recruited to activated Fc␥R in its inactive, GDPbound conformation.
MATERIALS AND METHODS

Reagents
Eukaryotic pRK5 expression vectors encoding human Fc␥RIIA and myc-tagged N17Cdc42, N17Rac, N19Rho, and Wasp (aa 201-310) have been previously described (Lamarche et al., 1996; Caron and Hall, 1998) . Myc-tagged full-length murine Vav and Vav-C (aa 538 -845) (Wu et al., 1996) were subcloned into pRK5myc by polymerase chain reaction with pSKVav as a template, a generous gift from S. Katzav (Hebrew University, Jerusalem, Israel). Green fluorescent protein (GFP)-tagged constructs were generated by subcloning full-length wild-type Rac and Cdc42 from pGEXRac and pGEXCdc42 (Self and Hall, 1995) into pEGFP-C1 (CLONTECH, Palo Alto, CA). Vav⌬DH (⌬aa 342-348), a kind gift from C. Abrams (University of Pennsylvania, Philadelphia, PA), was subcloned into pRK5myc. Constructs were verified by DNA sequencing and prepared for microinjection by standard CsCl gradient methods. Hemagglutinin (HA)-tagged pCMVTiam1(C1199) was a kind gift from J. Collard (The Netherlands Cancer Institute, Amsterdam, The Netherlands). Mouse monoclonal anti-Vav1 and anti-Rac (clone 23A8) were purchased from Upstate Biotechnology (Lake Placid, NY), anti-Cdc42 from Transduction Laboratories (Lexington, KY), antiRhoA from Santa Cruz Biotechnology (Santa Cruz, CA), anti-phosphotyrosine (clone PT66) from Sigma Chemical (St. Louis, MO), rabbit polyclonal anti-Syk (clone C-20) from Santa Cruz Biotechnology, conjugated secondary antibodies from Jackson Immunoresearch Laboratories (West Grove, PA), and anti-myc monoclonal 9E10 was purified in-house. Glutathione S-transferase fused Cdc42/ Rac interactive-binding domain of PAK1 (PAK-CRIB) for GTPase pulldown assays was prepared as previously described (Sander et al., 1999) .
Cell Culture
The murine macrophage cell line J774.A1 and COS-7 cells were maintained in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% heat inactivated fetal calf serum and penicillin/streptomycin (100 U/ml and 100 g/ml).
Microinjection and Phagocytosis Assay
J774 macrophages were used for microinjection and phagocytosis assays as previously described (Patel et al., 2000) . Briefly, macrophages were seeded on glass coverslips at a density of 1 ϫ 10 5 cells/ml. Immediately before injection cells were transferred to 10 mM HEPES-buffered serum-free DMEM. cDNA constructs were injected (0.1 mg/ml), together with biotin dextran as a marker, into the nucleus of 50 -100 cells in a temperature-(37°C) and CO 2 -(10%) controlled chamber by using phase contrast microscopy. Cells were returned to the incubator for ϳ3 h for optimal expression before phagocytic challenge. COS cell phagocytosis assays to investigate GTPase recruitment were performed by electroporation of cells (as described below) with cDNA encoding human Fc␥RIIA in combination with GFP-tagged Rac or Cdc42 and myc-tagged dominant negative Vav constructs. Cells were seeded onto glass coverslips and challenged with opsonized targets as previously described (Caron and Hall, 1998; Patel et al., 2000) . Recruitment of endogenous Syk in macrophages was analyzed using IgG-opsonized latex beads (May et al., 2000) due to difficulties associated with costaining Syk and red blood cells (RBC).
Immunofluorescence
Cells seeded on coverslips were fixed in cold 4% (wt/vol) paraformaldehyde for 20 min at 4°C before permeabilization with 0.1% Triton X-100 (TX-100)/phosphate-buffered saline (PBS) for 5 min and quenching in 2.7 mg/ml NH 4 Cl/PBS for 10 min. For immunostaining, cells were incubated with antibodies diluted in PBS for 30 min. Where appropriate all antibody mixes contained excess human IgG (Sigma Chemical) to prevent nonspecific binding to the Fc␥R. Rhodamine-or Cy5-conjugated donkey anti-rabbit IgG were used to detect opsonized RBC. Myc-tagged constructs were visualized using mouse monoclonal anti-myc (9E10) followed by rhodamine-or fluorescein isothiocyanate-conjugated anti-mouse IgG. F-actin was stained using rhodamine-conjugated phalloidin (Sigma Chemical). Cells microinjected with biotin dextran were detected with aminomethylcoumarin acetate-coupled streptavidin (Molecular Probes, Eugene, OR). Coverslips were mounted in mowiol mountant (Cal-biochem, San Diego, CA) containing p-phenylenediamine as an antibleaching agent and images captured using a Bio-Rad MRC 1000 confocal microscope.
Determination of Rho GTPase Activation
COS cells at 70% confluence were trypsinized, washed twice in Hebs buffer (20 mM HEPES, 137 mM NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 , 6 mM d-glucose, pH 7.5), resuspended at ϳ2 ϫ 10 6 cells in 250 l of Hebs containing 20 g of total plasmid DNA, and electroporated with a single pulse at 250 F, 280 V by using a Bio-Rad gene pulser. Cells were seeded onto 10-cm dishes and 16 h after transfection were serum starved for 5 h before eliciting phagocytic challenge.
For Fc␥ receptor pulldown assays, 15 l of RBC (10% suspension; ICN Biomedicals, Costa Mesa, CA), opsonized with IgG (Patel et al., 2000) , was resuspended in 3 ml of cold serum-free medium and allowed to adhere to cells for 15 min at 4°C. COS cells were washed once to remove unbound particles before incubation at 37°C. At different time points, COS cells were washed twice in ice-cold 50 mM Tris, 150 mM NaCl, pH 8 and lysed by scraping on ice in radioimmunoprecipitation assay buffer (50 mM Tris, 150 mM NaCl, 1% TX-100, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM MgCl 2 , 0.2 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin/leupeptin, pH 8). Lysates were cleared by centrifugation at 14,000 rpm for 2 min at 4°C, an aliquot saved to assess total GTPase levels, and the remaining lysates divided in two to assess levels of active Cdc42 and Rac. Lysates were incubated for 45 min at 4°C with 20 g of a 50% slurry of PAK-CRIB coupled to glutathione agarose beads to precipitate GTPases. Beads were subsequently washed three times in cold wash buffer (50 mM Tris, 150 mM NaCl, 1% TX-100, 10 mM MgCl 2 , 0.2 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin/leupeptin, pH 8). Equal amounts of beads and total cell lysates were analyzed by SDS-PAGE and immunoblotting, by using either mouse monoclonal anti-Cdc42 or mouse monoclonal anti-Rac clone 23A8. Fold activation of Cdc42 and Rac was assessed, relative to levels of Cdc42 and Rac in the total cell lysate, by quantification of autoradiographic exposures by using Quantity One (Bio-Rad) software.
RESULTS
Vav Is Recruited to Fc␥R but Not CR3 Phagosomes
The murine macrophage cell line J774.A1 was used to investigate the role of Vav during Fc␥R-and CR3-mediated phagocytosis. In resting cells, endogenous Vav is distributed throughout the cytosol and enriched along with F-actin in lamellipodia at the leading edge ( Figure 1 , A-C). No Vav2 could be detected in J774 cells by Western blotting (our unpublished data). To examine the role of Vav in phagocytosis, its distribution in response to challenge by sheep RBC was studied. The RBC were opsonized with either IgG or C3bi complement fragments, to direct phagocytosis specifically through the Fc␥ or CR3 receptors, respectively (Caron and Hall, 1998) .
During Fc␥R-mediated phagocytosis, endogenous Vav was recruited to nascent phagosomes, where it colocalized with F-actin (Figure 1, D-G) . This local enrichment of Vav was transient and coincided with RBC engulfment because macrophages incubated at 4°C, and thus unable to signal downstream of the Fc␥R (Griffin et al., 1975) , failed to recruit Vav to sites of particle attachment (our unpublished data). Similar studies were done using C3bi-coated RBC to investigate CR3-mediated uptake. As before, engulfment was accompanied by local polymerization of F-actin beneath bound targets (Figure 1, H-K) . However, no specific enrichment of Vav around bound targets could be seen at any stage of phagocytosis. This suggested a possible role for Vav during Fc␥R, but not CR3-mediated phagocytosis in macrophage cells.
Vav Is Required for Fc␥R-mediated Phagocytosis
To determine whether Vav activity was necessary for Fc␥R-mediated phagocytosis, we examined the effects of inhibiting its function in macrophages. Two previously described dominant negative mutants of Vav were used (Wu et al., 1996; Gringhuis et al., 1998; Ma et al., 1998) : Vav-C comprising just the carboxy-terminal SH3-SH2-SH3 domains and Vav⌬DH containing a deletion in the catalytic DH domain (see MATERIALS AND METHODS). Macrophages microinjected with Vav DNA constructs were challenged with IgGor C3bi-opsonized RBC and scored for their ability to bind and internalize targets.
Cells expressing full-length, wild-type Vav were as competent as control cells in binding and internalizing IgG- (Figure 2 , A and B) or C3bi-( Figure 2C ) coated RBC. In contrast, macrophages expressing Vav-C or Vav⌬DH exhibited a marked reduction in their Fc␥R-dependent phagocytic potential ( Figure 2A ). The degree of inhibition was comparable to that seen when inhibiting endogenous Cdc42 (our unpublished data) or Rac function (Figure 2A ), each of which have previously been shown to be essential for Fc␥R-directed uptake (Cox et al., 1997; Caron and Hall, 1998; Massol et al., 1998) . Despite the phagocytic defect, the target binding capacity of macrophages was unaffected, suggesting that Vav function is not necessary for efficient clustering or recycling of the Fc␥R. Similar results were observed in COS cells, which have been extensively used as an alternative model for studying phagocytosis after transfection with the Fc␥R (Downey et al., 1999) (Figure 2B ). Although the hematopoietic-specific form of Vav (Vav1) is not expressed in COS cells (Bustelo, 2000; our unpublished data) , it has been proposed that Vav⌬DH can interfere with the activity of the very closely related GEFs Vav2 and Vav3 . To assess the specificity of the dominant negative Vav constructs, we examined their effects on CR3-dependent phagocytosis in macrophages ( Figure 2C ). Consistent with a lack of Vav recruitment, expression of the dominant negative Vav-C mutant had no effect on CR3-mediated phagocytosis. In contrast, blocking Rho function effectively abolished engulfment as previously reported (Caron and Hall, 1998) .
The polymerization and remodeling of F-actin necessary for phagocytosis is absolutely dependent on tyrosine phosphorylation (Greenberg et al., 1993) . After target binding and receptor clustering, several tyrosine-phosphorylated proteins, including the Fc␥R itself, transiently accumulate at the forming phagosome (Greenberg et al., 1993; Strzelecka et al., 1997) . Hence, we investigated whether these receptor proximal signaling events were affected by expression of dominant negative Vav in macrophages. As previously shown, bound RBC (evident by their crenated morphology; Figure  3B , open arrowhead; Greenberg et al., 1993) undergoing Fc␥R-mediated phagocytosis were accompanied by the underlying punctate accumulation of tyrosine phosphoproteins (Figure 3, A-C) . In contrast, fully internalized RBC, which appear as swollen particles within vacuoles ( Figure  3B , closed arrowhead; Greenberg et al., 1993) , no longer displayed the focal enrichment of tyrosine-phosphorylated proteins. Expression of Vav-C failed to alter the enhanced localized staining for phosphotyrosine proteins despite blocking engulfment (Figure 3, D-F) . Moreover, the tyrosine kinase p72Syk, which becomes enriched at nascent phagosomes in response to Fc␥R ligation (Figure 3, G and H; Strzelecka et al., 1997) , exhibited identical recruitment kinetics in macrophages coexpressing Vav-C (Figure 3, I and J) . Thus, we conclude that the exchange activity of Vav is necessary for efficient Fc␥R-mediated phagocytosis in both J774 macrophages and COS cells but is not required for CR3-directed uptake. Moreover, its inhibitory effects appear to lie downstream of initial Fc␥R-mediated signaling events, given that enrichment of phosphotyrosine-containing proteins and Syk proceeds normally in macrophages expressing dominant negative Vav.
Vav Regulates Rac but Not Cdc42 Activation during Phagocytosis
It has previously been shown that Fc␥R-mediated phagocytosis requires both Cdc42 and Rac function, although their individual contributions to the process are unknown (Cox et al., 1997; Caron and Hall, 1998; Massol et al., 1998) . Because when overexpressed Vav is capable of activating both Cdc42 and Rac (Olson et al., 1996) and Cdc42 is capable of activating Rac in some cell types (Nobes and Hall, 1995; Wojciak- et al., 1998) , the link between Vav, Cdc42, and Rac was examined. To study the kinetics of Cdc42 and Rac activation, cells were challenged with IgG-opsonized RBC for different periods of time. Cell lysates were divided in two and GTP-loaded Cdc42 and Rac were precipitated using the Cdc42/Rac binding domain of p21 activated kinase (PAK-CRIB) fused to glutathione S-transferase (Sander et al., 1999) . Initial studies in J774 macrophages revealed high basal levels of GTP-bound Cdc42 and Rac before stimulation with RBC, thus making GTPase activation upon phagocytosis difficult to assess (our unpublished data). Also, the inability to transfect these macrophages made it impossible to biochemically address the role of Vav in GTPase activation in this system, by using the dominant negative Vav mutants. As a result, experiments were performed in COS cells transiently transfected with the Fc␥R. To synchronize the onset of phagocytosis, targets were allowed to bind to transfected COS cells at 4°C, before inducing engulfment by transferring cells to 37°C.
Stothard
As shown in Figure 4A , progression of Fc␥R-directed phagocytosis correlated with a transient increase in GTP loading of endogenous Rac and Cdc42. The level of Rac activation peaked after 10 min at 37°C, resulting in a fourfold increase, before returning to basal levels by 20 min (Figure 4, A and B) . Endogenous Cdc42 also showed a transient activation after addition of IgG-opsonized RBC ( Figure 4A) , with an indistinguishable time course from that of Rac, although the fold activation was lower ( Figure 4C ). The rise in the levels of GTP-bound GTPases was not a consequence of the temperature shift during the experiment, because cells warmed in the absence of targets failed to elicit GTPase activation ( Figure 4A, lane 1) .
To determine the role of Vav in Fc␥R phagocytosis, the receptor was coexpressed with dominant negative Vav in COS cells. As shown in Figure 4 , A and B, coexpression of dominant negative Vav (Vav-C) completely abolished the Fc␥R-induced Rac activation seen at the 10-min time point. This inhibition was not a result of reduced surface expression of the Fc␥ receptor, as shown by the similar RBC attachment index (Figure 2, A and B) . However, expression of dominant negative Vav did not prevent the Cdc42 activation seen upon phagocytic challenge (Figure 4 , A and C). We conclude that Vav functions as a Rac-specific GEF during Fc␥R-mediated phagocytosis.
Vav⌬DH Does Not Function by Titrating Endogenous Rac
Guanine nucleotide exchange factors are believed to interact with their target Rho GTPases via their DH domains (Aghazadeh et al., 1998; Soisson et al., 1998) . To ensure that the phagocytic defects apparent when using the dominant negative Vav⌬DH mutant were due to a block in Vav exchange activity and not attributable to sequestration of endogenous Rac or a nonspecific effect on Rac-induced actin polymerization, we tested whether Vav⌬DH was capable of blocking Rac activation in response to a Vav-independent Rac stimulus ( Figure 5 ). We used a constitutively active mutant of Tiam1 (Tiam1C1199), an alternative exchange factor known to function as a Rac-specific GEF and induce lamellipodia when expressed in fibroblasts (Michiels et al., 1995) . Hence, Tiam1 and Vav⌬DH were coinjected (1:1 ratio) into quiescent serum-starved Swiss 3T3 fibroblasts, which lack organized actin filaments. Cells were seen to elicit cytoskeletal changes indicative of Rac activation, namely, peripheral ruffling ( Figure 5F ) (Ridley et al., 1992) . Indeed, the phenotype was indistinguishable from control cells expressing Tiam1 and empty vector ( Figure 5D ). In contrast, coexpression of a dominant negative Rac mutant (N17Rac) completely inhibited, as expected, the Tiam1-induced lamellipodia ( Figure 5I ) with cells appearing identical to control biotin dextran-injected fibroblasts ( Figure 5B) . Thus, the effects of the Vav⌬DH construct on phagocytosis are not attributable to titration of endogenous Rac protein or nonspecific effects on actin assembly.
Inactive Rac Is Recruited to Phagosomes
The spatially localized remodeling of the actin cytoskeleton that accompanies phagocytosis provides an ideal opportunity for investigating the recruitment of signaling components. Although the accumulation of Rho GTPases at nascent phagosomes has been previously shown, the mechanisms of recruitment remain unclear (Caron and Hall, 1998) . To examine whether membrane targeting of Cdc42 or Rac is dependent on Vav exchange activity, we studied the Figure 6 , E-H) to forming phagosomes was unaffected by either Vav-C or Vav⌬DH (our unpublished data). Moreover, GFP-tagged N17Rac, which mimics the inactive form of the GTPase, was recruited beneath bound RBC in Vav-Cexpressing cells (Figure 6 , I-L). Both Vav mutants colocalized with Rac and Cdc42 at sites of RBC attachment, suggesting that the SH2 domain, which has been proposed to play a key role in receptor complex association (Arudchandran et al., 2000) , may direct the accumulation of the Vav mutants at sites of RBC attachment. Because dominant negative Vav prevents GTP loading on Rac, we conclude that and Vav-C-expressing cells (I-J). Endogenous Syk (G and I), IgGopsonized latex beads (H), and Vav-C and IgG-opsonized latex beads (both detected in J, due to cross-reactivity of the secondary antibody). Latex beads were used to overcome difficulties in staining for Syk. Representative images from four independent experiments are shown. Bar, 10 m.
the Rac recruitment seen in Figure 6F must be the inactive GDP-bound form. The enrichment of GFP-tagged N17Rac to nascent phagosomes in cells expressing dominant negative Vav strengthens this conclusion.
Fc␥R-induced Rac Recruitment and Activation Are Cdc42 Independent
Cdc42 has been shown to be a potent activator of Rac in several cell types (Nobes and Hall, 1995; Wojciak-Stothard et al., 1998) . To determine whether activation of Cdc42 leads to a sequential activation and/or recruitment of Rac during phagocytosis, we investigated Fc␥R-induced recruitment and GTP loading of Rac in the presence of a dominant negative Cdc42 mutant. As shown in Figure 7 , A-D, Rac localized to discrete foci beneath Fc␥R-attached particles in COS cells. Recruitment was transient and maximal at 10 min coincident with GTP loading (our unpublished data). Coexpression of a dominant negative Cdc42 mutant (N17Cdc42), which also accumulated at sites of RBC attachment, did not prevent recruitment of Rac (Figure 7, E-H) or of full-length Vav (our unpublished data). Finally, inhibition of Cdc42 function, by using either the N17Cdc42 mutant or a fragment of the Cdc42 effector Wasp (aa 201-310), failed to block Rac GTP loading in response to phagocytic stimuli ( Figure  7I ). Thus, ligation of the Fc␥ receptor triggers the independent recruitment and activation of Cdc42 and Rac.
DISCUSSION
The engulfment of targets by phagocytic cells involves a complex signaling cascade that drives localized actin remodeling in a manner controlled by Rho GTPases. In previous work we and others have reported that both Cdc42 and Rac are essential for Fc␥R-induced phagocytosis (Cox et al., 1997; Caron and Hall, 1998; Massol et al., 1998) . We have now identified a unique role for the guanine nucleotide exchange factor Vav during Fc␥R-mediated phagocytosis. In response to Fc␥R ligation, Vav translocates to sites of particle attachment, where it regulates the activation of Rac to induce engulfment. Although Vav has been reported to be capable of activating other Rho GTPases, it does not regulate Cdc42 during Fc␥R-mediated phagocytosis (this study), nor does it regulate Rho in CR3-directed uptake (our unpublished data).
It is currently thought that upon ligand binding, Fc␥R is phosphorylated on tyrosine residues at immunoreceptor tyrosine-based activation motifs by Src family kinases. This allows docking and activation of the tyrosine kinase p72Syk, which subsequently triggers signaling events leading to engulfment (Darby et al., 1994; Greenberg et al., 1996) . Vav is a complex 95-kDa, multidomain molecule that can interact, through its SH2 domain, directly with Syk (Deckert et al., 1996) . Vav can be phosphorylated by Syk or the Src kinase Lck, leading to increased exchange activity in vitro and following overexpression in vivo (Crespo et al., 1997) . A similar pathway has been reported in T-cell receptor signaling where the Syk homolog Zap-70 targets Vav to clustered receptors at the membrane (Salojin et al., 2000) . However, Vav1, Syk, and Zap70 are hematopoietic-specific (Law et al., 1994; Bustelo, 2000) , yet Fc␥R will promote efficient tyrosine kinase-dependent phagocytosis when expressed in COS cells (Indik et al., 1995) . Furthermore, Fc␥R clustering still induces tyrosine phosphorylation of Vav in macrophages derived from Syk-deficient mice (Crowley et al., 1997) . These results suggest that signaling pathways used by Fc␥R to activate Rac and Cdc42 are essentially conserved in nonhematopoietic cells and that there is redundancy in some of the components of the pathways. Our results show that Vav is recruited to nascent phagosomes and that its activity is essential for Fc␥R phagocytosis in macrophages and in COS cells expressing Fc␥R. We can conclude from this that in These two additional Vav family members both have high sequence homology to the hematopoietic-specific Vav, but they exhibit a broader expression profile (Bustelo, 2000) . Furthermore, recent work with Vav knockout mice reveals functional compensatory effects by Vav2 during B-cell receptor signaling in B cells (Tedford et al., 2001) .
The exchange activity of Vav for Rho GTPases has been well documented, although its specificity in vivo remains unresolved. Expression of truncated versions of Vav in Swiss 3T3 fibroblasts leads to activation of Cdc42, Rac, and Rho (Olson et al., 1996) , whereas in vitro GEF assays suggest a preference for Rac and Rho (Crespo et al., 1997) . In T cells Vav is essential for TCR-dependent activation of Rac, although it is unknown whether it also activates Cdc42 and/or Rho in this context (Salojin et al., 1999) . We have now shown that Vav acts as a Rac-specific exchange factor downstream of Fc␥R. Although Fc␥R also activates Cdc42, this is not mediated by Vav and the exchange factor involved is unknown. Furthermore, we have found that Cdc42 is not required for Fc␥R-induced Rac activation, or Rac translocation. This rules out the possibility that the only role of Cdc42 is to activate Rac and leads us to the conclusion that Rac and Cdc42 control distinct biochemical steps in the phagocytic process as postulated by Massol et al. (1998) (Figure 8 ). Accordingly, inhibition of both Cdc42 and Rac results in a greater inhibition of Fc␥R-mediated phagocytosis than blocking the function of either GTPase alone (Caron and Hall, 1998) .
The experiments we report herein also begin to address another poorly understood aspect of Rho GTPase activation. We have found that Rac is recruited to sites of particle attachment before activation by Vav, suggesting that there is a receptor-mediated mechanism for recruiting the inactive, GDP-bound form of Rac. How this occurs is unknown. Two gene products acting upstream of Rac, Ced2/CrkII and Ced-5/DOCK180, have been identified through the genetic analysis of apoptotic cell uptake in C. elegans (Reddien and Horvitz, 2000) . Neither is capable of activating Rac directly and so far, no GEF has been isolated using the genetic screens. However, DOCK180 has been reported to couple the integrin ␣ v ␤ 5 to Rac activation during uptake of apoptotic cells in mammalian cells (Albert et al., 2000) . What is very interesting is that DOCK180 can interact directly with Rac (Nolan et al., 1998) . Therefore, one possibility is that DOCK180 mediates recruitment of Rac.GDP to Fc␥R where it is activated by Vav. Alternatively, the SH3-SH2-SH3 domains of Vav (i.e., Vav-C) may recruit Rac.GDP indirectly, perhaps via DOCK180 or another protein interaction. Several groups have shown that the inactive form of Rac exists in a cytosolic complex with RhoGDI and that GEFs are unable to promote nucleotide exchange while Rac is in this complex (Hancock and Hall, 1993; Longenecker et al., 1999) . Whether RhoGDI remains bound, or is induced to dissociate, for example, by the interaction with ezrin/radixin/ moesin family proteins (Takahashi et al., 1997) , which are found at phagosomes (Defacque et al., 2000) , is unknown. Moreover, it has recently been reported that the amino terminus of Vav can interact directly with RhoGDI (Groysman et al., 2000) , although because Rac.GDP is still recruited to nascent phagosomes in the presence of Vav-C, this is unlikely to be the mechanism involved herein. We are currently investigating the mechanisms of Rac recruitment to phagosomes.
In conclusion, we have shown that Vav specifically regulates the activation of Rac, but not Cdc42, during Fc␥R-mediated phagocytosis and plays no role in the Rho-dependent CR3-mediated engulfment. Cdc42 and Rac are recruited and activated at Fc␥R-dependent phagosomes through distinct pathways, suggesting that they regulate different aspects of the phagocytic process. Finally, Rac is recruited to forming phagosomes in its GDPbound form before activation by Vav. 
